Introduction
Cardiac function is extremely sensitive to changes of intracellular pH (pH i ).
1,2 A fall of resting pH i from its normal level of 7.2
can suppress cardiac contractility, distort intracellular Ca 2þ signalling, and induce electrical arrhythmia, 3 -5 as observed during clinical conditions such as myocardial ischaemia. 1 Cardiomyocytes engage in significant respiratory acid production, and this acid must not be allowed to accumulate, if pH i is to be held within favourable limits. H þ ions (or their equivalents) must therefore be transported across the sarcolemma and conducted away in capillary blood. Acid extrusion from ventricular myocytes is performed by means of Na þ /H þ exchange (NHE), Na þ -HCO 3 2 co-transport (NBC) 6, 7 and, under some circumstances, monocarboxylic acid transport. 8 In addition to the sarcolemmal control of pH i , intracellular mechanisms control its spatial distribution. In the face of a local intracellular acid/base disturbance, 2,9 -11 the resulting spatial non-uniformity of pH i is dissipated by diffusion, which can be characterized by an apparent H þ -diffusion coefficient (D H app ) for the intracellular compartment. Because of the high intracellular buffering capacity, 2, 6, 9 local H þ flux cannot occur by means of free H þ ion diffusion. Instead, intracellular H þ flux is made possible via the passive diffusion of protonated mobile buffers, notably CO 2 /HCO 3 2 buffer and histidine-containing dipeptides (HCDPs, which are intrinsic buffers), such as carnosine, homocarnosine, and anserine. 2, 9, 10, 12 In adult ventricular tissue, CO 2 /HCO 3 2 and HCDP buffers are normally present at concentrations of 10 -20 mM each. 6, 10, 12 These molecules can bind H þ ions reversibly and, because of their modest molecular weight, facilitate H þ ion diffusion within the cell. This H þ ion shuttle effectively couples cytoplasmic pH to the H þ -equivalent transporters at the sarcolemma. A large fraction of cytoplasmic H þ buffering is also provided by intrinsic protein molecules of larger molecular weight, which are poorly diffusible and act like fixed intracellular buffers. Subcellular organelles (such as mitochondria and nuclei) and their intraorganellar buffers may also fall into this 'fixed buffer' category if they engage in H þ uptake or H þ release. Fixed buffers tend to restrict rather than facilitate H þ ion mobility. Overall H þ movement within the cell thus depends on the fraction of total intracellular buffering capacity that is mobile. HCDPs readily permeate connexin channels at gap junctions. In mammalian ventricle, such channels comprise two abutting hemichannels spanning between adjacent cells, each usually composed of six connexin-43 (CÂ43) subunits arranged around a large central pore. 13 Considerable fluxes of acid can be carried via protonated HCDPs permeating between connexin-coupled myocytes, in response to differences in pH i across the cell-to-cell junction.
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This acid transmission, like H þ ion movement within the cell, is again a passive diffusive process, which can be characterized by an apparent H þ permeation coefficient, P H app . The mechanism potentially provides a means of maintaining a spatially uniform pH i within neighbouring cells of the myocardium, resulting in a more uniform modulation of cardiac function by pH i . Gapjunctional channels are blocked by extreme acidosis or alkalosis, which stimulates sarcolemmal H þ -equivalent flux. 9 During a localized acid or base load in the heart, the balance between junctional and sarcolemmal H þ -equivalent flux (which determines the spatial control of myocardial pH i ) will therefore be orchestrated by the level of pH i itself. 6, 9, 10 Thus far, the role of sarcolemmal H þ -equivalent flux, intracellular H þ movement, and cell-to-cell H þ permeation in regulating the spatial distribution of intracellular acid has been studied only in adult heart, and only in the simplest of cell assemblies: isolated ventricular myocyte pairs. 9 Following a localized fall of pH i in such preparations, the flow of acid from the disturbance site, and its consequent intracellular dilution, can initially be a more important pH i regulatory process than sarcolemmal H þ flux. To generate larger assemblies of coupled cells, we have taken advantage of the ability of neonatal myocytes to form interconnected cell strands in culture. 14 -16 We and others have shown that such neonatal myocyte strands develop gap junctions and form an electrical syncitium, although the distribution of connexin channels is less anisotropic than in the adult ventricle. 14, 15 In the present work, we show that these strands can be imaged confocally for pH i . 
Solutions and superfusion
Sections of micro-structured sylgard membranes with cell strands were placed in a Perspex superfusion chamber, mounted on a Leica IRBE inverted microscope. Solutions at 378C were delivered at 2 mL/min. All solutions contained 1 mM CaCl 2 , 1 mM MgCl 2 , 4.5 mM KCl, 11 mM glucose, and either 20 mM Hepes (pH adjusted to 7.4 by 4 M NaOH) or 22 mM NaHCO 3 (pH adjusted to 7.4. by bubbling with 5% CO 2 /20% O 2 /75% N 2 ). NaCl was added to raise total osmolarity to 300 mOsm/L. For ammonium-containing solutions, NaCl was replaced with an equimolar amount of NH 4 Cl.
Imaging intracellular pH
Cell strands were loaded intracellularly with the acetoxymethyl ester of the pH-reporter dye carboxy-SNARF-1 (Invitrogen, UK) at 10 mM for 10 min. Excess extracellular dye was washed away by superfusion with dye-free solutions. The strands were imaged with a Â10 dry lens. The pH i dye was excited by 514 nm argon laser and fluorescence was detected confocally (Leica TCS NT) at 580 and 640 nm. The 580/ 640 nm fluorescence ratio was then converted to pH i using a calibration curve obtained by the 'nigericin technique'. 
Estimating the concentration of dipeptide mobile buffers
HCDPs react with 1-fluor-2,4-dinitrobenzene (FDNB) to form a coloured complex that can be measured spectrophotometrically.
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This method also detects taurine, a major cytosolic amine, which does not contribute significantly to mobile buffering. 17 HCDPs were separated from other FDNB reactants by adsorption onto Cu 2þ -immobilized cation-exchange resin. 18 The assay was performed on extracts from neonatal and adult hearts and also on skeletal muscle for comparison. For details of the technique, see Supplementary material online, Section S4. 
Diffusion modelling and statistical tests
where d is the long-axis, junction-to-junction distance. D H eff was determined by least-squares fitting of experimental H þ loading time courses to simulations generated by a one-dimensional diffusion model,
where J inj is the photolytic acid-injection rate. Data averages are presented as mean + SEM. Confidence intervals (CI) are reported for the 95% level. Differences between population means were tested with Student's unpaired t-test at the 5% significance level.
Results

Confocal imaging of neonatal myocyte strands
Neonatal myocyte strands (width ¼ 30 mm, length .500 mm) showed prominent sarcomeric striations (myomesin stain, Figure 1A ) and plaque-like Cx43 expression at cell -cell contacts ( Figure 1A ). Cx43 is the major connexin isoform expressed in both neonatal 20 and adult ventricles. 21 Adult ventricle also shows some Cx40 and Cx45 expression, 21 but these isoforms are only found at very low levels in the neonatal ventricle. 20 Contractile behaviour revealed a high degree of synchronicity between cells, indicative of sufficient electrical coupling. Strands could be loaded with carboxy-SNARF-1 ( Figure 1B ) and imaged confocally for pH i . ( Figure 1C ). (Figure 1Di and ii). To inhibit NHE activity, experiments were performed in the presence of the selective NHE inhibitor, cariporide (30 mM). 24 The half-time of pH i recovery was lengthened to .6 min, indicating that NHE is a major acid extruder (Figure 1Di and ii). In the additional presence of the NBC blocker S0859 (10 mM), 25 the rate of pH i recovery was slowed further (Figure 1Di and ii). The pH i recovery time courses were converted to sarcolemmal H þ -equivalent flux. At pH i 6.7, total acidequivalent efflux was 7.2 + 1.1 mM/min, of which 70% was cariporide-sensitive, i.e. NHE-driven ( Figure 1Diii ). These fluxes at pH i 6.7 are similar to those measured in adult myocytes. 6, 7 A small residual recovery of pH i was observed in the presence of cariporide plus S0589 (Figure 1Dii ). This may represent acid extrusion by transporters other than NHE and NBC, or inadequate drug access to NHE and NBC proteins in the multicellular strand.
Measuring intrinsic buffering capacity in neonatal myocyte strands
Measuring sarcolemmal acid extrusion in neonatal cell strands
At pH i ¼ 6.7 (Figure 1Diii ), this residual flux was small and not significantly different from zero (P ¼ 0.057). In summary, as in the adult heart, NHE is a dominant pH i regulator in neonatal myocytes. Figure 2 ). To improve the signal-to-noise ratio, pH i time courses in ROIs at equal distance from the central ROI were pooled and averaged (see colour coding in top panel of Figure 2 ). Spatial pH regulation resting pH i ), measured after 150 s of acid loading in the presence and absence of aGA, are shown in Figure 2D . Based on the best fit to data, the acid load decayed by 50% at 44 and 33 mm from the strand midpoint in the absence and presence of aGA, respectively. The acid load did not spread significantly beyond 60 mm, close to the typical neonatal myocyte length.
Measuring intracellular H
14 If intrinsic mobile buffering were low within neonatal strands, then delivery of acid to and across the junctional region would also be slow, which would explain why the inhibitory effect of aGA is not as great as that observed previously in adult myocyte pairs.
11
Further experiments were performed in CO 2 /HCO 3
2
-buffered superfusates (Figure 3) . The first set of experiments was performed in the absence of sarcolemmal transport inhibitors ( Figure 3A) . Acid traffic along the cell strand was considerably enhanced in the presence of CO 2 /s; n ¼ 13), an order of magnitude higher than in Hepes-buffered strands. In the absence of inhibitors of sarcolemmal acid transporters, some of the photolytically injected acid can be extruded out of the cell strand, instead of being dissipated diffusively along the cytoplasmic syncitium. Experiments were therefore performed in the presence of 30 mM cariporide to block the principal acid extruder, NHE (note that NBC H þ -equivalent flux over a period of 3 min will be small, Figure 1D ). Under these conditions, most of the uncaged intracellular acid is expected to be contained within the cytoplasmic syncitium. The acid-loading time courses ( Figure 3B ) were best fitted with a D H eff of 44 mm To test for the role of gap junctions in the spread of acid, 'singleflash' experiments were performed in the presence of 60 mM aGA. Cariporide was also present to block NHE. The pH i time courses and longitudinal pH i profiles under these conditions are shown in Figure 3C . The best-fitting D H eff was 8 mm 2 /s (CI 7.7 -
, an order of magnitude lower than in the absence of aGA. The longitudinal acid spread after 150 s of H þ uncaging was more confined around the release site (decaying by half at 44 mm), not spreading significantly beyond the length of a typical cell. For this reason, the pH i in the central ROI attained a more acidic level ( Figure 3E) . The best-fit values of D H eff , under the various experimental conditions studied, are summarized in Figure 4A . For comparison, Figure 4B shows predictions for adult myocardium D H eff , derived using Eq. (1), based on experimental data for the apparent H þ -diffusion coefficient (D H app ) and permeability constant (P H app ), 9, 10 and a mean myocyte length of 100 mm. All measurements summarized in Figure 4 relate to experiments performed in the presence of cariporide, i.e. under conditions of minimized sarcolemmal acid extrusion. 
Measuring HCDP levels in neonatal muscle
Our experimental data (Figures 2-4) suggest that intrinsic mobile buffer levels are lower in neonatal hearts. The principal mobile buffers inside myocytes are HCDPs that can be separated by resin adsorption 18 and assayed by absorbance following a reaction with FDNB. 17 First, the assay was tested with pure carnosine, taurine, and protein (BSA). Absorbance was measured in resin-free (RF) test samples and in the resin supernatant (RS) and resin eluate (RE) of resin-treated test samples. Carnosine was detected in RF and RE, but not in RS, suggesting near-complete adsorption onto the resin (Figure 5Ai ). The elution yield was estimated to be 60% (RF vs. RE slope in Figure 5Ai ). Taurine was detected equally in RF and RS, but not in RE, suggesting negligible resin binding ( Figure 5Aii ). In contrast, negligible absorbance was detected with BSA ( Figure 5Aiii) . HCDP levels were measured in extracts from cardiac ventricles and the gastrocnemius muscle of neonatal and adult rats ( Figure 5B) . One HCDP estimate was based on the difference between measurements in RF and RS test samples. A second estimate was obtained from RE, after correction for 60% elution yield. Absorbance was calibrated in units of mEquiv carnosine equivalents per gram of protein ( Figure 5A) , which approximates the mobile-to-fixed buffering capacity ratio. Ventricular HCDP levels were 4.7-fold higher in the adult compared with neonate tissue (P , 0.05). In contrast, gastrocnemius muscle HCDP levels were similar in both neonate and adult, and similar to the levels detected in neonatal hearts.
Discussion
General ventricular model of spatial pH i regulation
In the present work, we have studied H þ mobility in a multicellular model system of neonatal myocardium. Our results show that neonatal cell strands can be imaged confocally for pH i ( Figure 1A and B) and that techniques for measuring sarcolemmal acid/base transport ( Figure 1D ), intracellular buffering capacity ( Figure 1C) , intracellular H þ mobility, and cell-to-cell H þ permeation (Figures 2-3 ) can be applied to these preparations. Intracellular pH regulation in neonatal strands bears many similarities to that seen previously in adult myocyte pairs. Intracellular acid is extruded mainly by sarcolemmal NHE, with assistance from NBC transporters ( Figure 6, routes 1 and 2) . Local pH i nonuniformity can be dissipated spatially within cells and across junctional zones by means of an H þ flux that relies on mobile H þ buffers and gap-junctional channels ( Figure 6 , routes 3 and 4). Although the channels are gated by extreme acidosis, we did not attempt to dissect this effect. The lowest pH i induced in strands (6.7; Figure 3E ) would, in adult cell pairs, have inhibited junctional permeability by ,15%. 9 In strands, as in cell pairs, dissipative H þ flux appears to dominate over sarcolemmal acid extrusion as the initial mechanism for reducing a localized acidosis (Figures 2 and  3) . In vivo, this mechanism will help to maintain a pH i syncitium in the multicellular network of the myocardium, thus unifying pH i modulation of tissue function. On a longer time scale, acid can then be extruded across the sarcolemma for removal via the vascular system. Figure 1D with previous work 6,7 ). Intrinsic H þ buffering capacity, however, is nearly two-fold lower in the neonate, e.g. at pH i 7.2, buffering is 10 mM lower ( Figure 1C) . As intrinsic buffering comprises contributions from fixed and mobile buffers, a reduction in either or both could account for the decreased capacity. Our results show that levels of HCDPs, the principal intrinsic mobile buffers in adult myocytes, are five-fold lower in the neonate. Given that mobile buffering capacity has been estimated to be 11 mM in the adult, 12, 23 it is plausible that the lower overall intrinsic buffering capacity in the neonate is due mainly to the reduced HCDP levels. The mechanism for elevated HCDPs in adult ventricle is not known, but synthetase enzymes are active in the adult for at least one of the species of HCDP, carnosine. 28 Oligopeptide transporters (PepT2) are also expressed in the sarcolemma of adult ventricular myocytes, 29 which could theoretically import available
HCDPs from the extracellular space, although PepT activity in the neonate has yet to be explored. Nevertheless, it is reasonable to assume that a combination of higher intracellular synthesis (or lower degradation) and higher transmembrane uptake raises HCDP levels in ventricular myocytes during development from neonate to adult.
Mechanism of cell-to-cell acid transmission via intrinsic and extrinsic buffer
The ability of aGA to reduce D H eff to levels observed in the absence of CO 2 /HCO 3 2 ( Figure 4A) indicates that, in neonatal strands, the extrinsic buffer facilitates H þ transport through gap-junctional channels. The simplest explanation for this would be the ability of HCO 3 2 anions to permeate the channel. Figure 6 depicts a simple scheme to account for cell-to-cell H þ transport. Intrinsic buffers, like HCDPs, shuttle H þ ions by passively cycling back can be (1) extruded across the sarcolemma by NHE; (2) neutralized by HCO 3 2 , imported into the cell by NBC; (3) dissipated along the cell and across gap junctions aboard intrinsic mobile buffers (such as HCDP); (4) dissipated along the cell and across gap junctions aboard the CO 2 /HCO 3 2 buffer shuttle (note that some of the CO 2 can exit the cell and some of the CO 2 can pass from cell to cell across two lipid bilayers serially). Solid routes denote the major pathways in neonatal cardiomyocytes.
Spatial pH regulation and forth through the channel, H þ -loaded in one direction, and H þ -unloaded in the other. In the case of the extrinsic shuttle, the local H þ titration of HCO 3 2 generates CO 2 , which, because it is membrane-permeant, can flux into the downstream cell either through the channel itself or through the lipid phase of the juxtaposed cell membranes. Hydration of CO 2 in the downstream cell releases an H þ ion, plus an HCO 3 2 anion that can passively flux back through the channel into the upstream cell, thus completing the H þ permeation cycle. When intrinsic mobile buffer levels are low, as is the case for neonatal tissue, the extrinsic H þ shuttle will be the dominant cell-to-cell acid transmission mechanism.
Conclusions
Because of the relative paucity of HCDPs, the efficient spatial movement of intracellular acid in neonatal ventricular tissue is dependent on the availability of CO 2 /HCO 3 2 buffer. Carbonic anhydrase enzymes, which facilitate extrinsic H þ buffering and H þ shuttling in adult ventricular myoytes, 10 are also expressed in neonatal myocytes at mRNA 30 and protein 31 levels. The reliance on CO 2 /HCO 3 2 buffer in neonates thus hints at a potentially important role for intracellular CAs in spatial pH i regulation during this developmental period. In contrast, the prominent increase in intrinsic HCDP levels in adult ventricle may provide an additional safety mechanism for maintaining intracellular pH i uniformity, in the face of increased cytoplasmic H þ -diffusion distances associated with cellular enlargement during development.
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